MMP-11 is a bad prognosis paracrine factor in invasive breast cancers. However, its mammary physiological function remains largely unknown. In the present study we have investigated MMP-11 function during postnatal mammary gland development and function using MMP-11-deficient (MMP-11 À / À ) mice. Histological and immunohistochemical analyses as well as whole-mount mammary gland staining show alteration of the mammary gland in the absence of MMP-11, where ductal tree, alveolar structures and milk production are reduced. Moreover, a series of transplantation experiments allowed us to demonstrate that MMP-11 exerts an essential local paracrine function that favors mammary gland branching and epithelial cell outgrowth and invasion through adjacent connective tissues. Indeed, MMP-11 À / À cleared fat pads are not permissive for wild-type epithelium development, whereas MMP-11 À / À epithelium transplants grow normally when implanted in wild-type cleared fat pads. In addition, using primary mammary epithelial organoids, we show in vitro that this MMP-11 pro-branching effect is not direct, suggesting that MMP-11 acts via production/release of stroma-associated soluble factor(s). Finally, the lack of MMP-11 leads to decreased periductal collagen content, suggesting that MMP-11 has a role in collagen homeostasis. Thus, local stromal MMP-11 might also regulate mammary epithelial cell behavior mechanically by promoting extracellular matrix stiffness. Collectively, the present data indicate that MMP-11 is a paracrine factor involved during postnatal mammary gland morphogenesis, and support the concept that the stroma strongly impact epithelial cell behavior. Interestingly, stromal MMP-11 has previously been reported to favor malignant epithelial cell survival and promote cancer aggressiveness. Thus, MMP-11 has a paracrine function during mammary gland development that might be harnessed to promote tumor progression, exposing a new link between development and malignancy.
INTRODUCTION
Matrix metalloproteinases (MMPs) mediate a number of physiological and pathological processes such as matrix degradation, tissue remodeling, inflammation and tumor progression.
1,2 MMP-11, a secreted MMP previously called stromelysin-3, was first identified in breast carcinomas. MMP-11 is the paradigm of tumor proteinases not expressed in the malignant epithelial cells but in the non-malignant adjacent mesenchymal/stromal cells. 3, 4 High MMP-11 levels are associated with poor patient outcome in various cancers, [5] [6] [7] [8] [9] a large depth of invasion and metastases. 10, 11 Preclinical studies in mice show that MMP-11 promotes tumors by favoring cancer cell survival in a tissue environment initially not permissive. 12, 13 Moreover, MMP-11 is expressed and secreted by adipocytes and has a negative regulatory function during adipogenesis. 4, 6, 14 Interestingly, in human tumors, invasive cancer cells induce MMP-11 expression by proximal adipocytes, which in turn leads to the accumulation of peritumor fibroblast-like cells, known to favor cancer cell survival and tumor progression. 6, 14 However, how adipocyte-related MMP-11 acts at the physiological level remains largely unknown. As stromal cells are potent mediators in the proper development and maintenance of mammary ductal morphogenesis, [15] [16] [17] [18] [19] [20] we hypothetized that MMP-11 might participate in this biological process.
Although the rudimental mammary ductal tree is formed prior to birth, the main mammary gland development occurs postnatally, first during puberty through ductal structure growth including terminal end bud (TEB) appearance, ductal elongation and branching, invasion and filling of the fat pad, and second during pregnancy through growth and differentiation of functional mature alveoli. Reciprocal interactions between the epithelium and the connective tissues dictate the terminal branching pattern of the ducts and contribute to mammary gland morphogenesis, although the details of these events are not fully understood. 14, [21] [22] [23] [24] [25] In the present study, we investigated the impact of MMP-11 on mammary gland postnatal development using wild-type and MMP-11 knockout (MMP-11 À / À ) mice. 26 We studied the relative impact of MMP-11 on epithelial and stromal cell compartments. We show that stromal MMP-11 is required for optimal ductal morphogenesis and function. Furthermore, we show in vitro that this pro-branching MMP-11 function is not a direct effect. Finally, we show that MMP-11 positively regulates periductal collagen homeostasis. This study provides the first evidence that MMP-11 has a paracrine role in postnatal mammary gland development.
RESULTS MMP-11 is required for optimal postnatal mammary gland morphogenesis but does not influence the intrinsic organization of the mammary epithelium The MMP-11 status of mice was established by PCR genotyping (Supplementary Figure S1A) . As expected, in virgin wild-type mammary gland, MMP-11 was expressed at a low level (RT-PCR; Supplementary Figure S1B ). Using in situ hybridization, we observed that whereas no MMP-11 was detected in the mammary epithelium, MMP-11 was present in the stroma. Intense punctual staining was restricted to periductal adipose tissue in accordance with previous mouse 4, 5, 27, 28 and human 3,4 studies (Supplementary Figure S1C , right panel). Embryonic limb buds were used as a positive control (Supplementary Figure S1C, left panel) . Moreover, there were no obvious differences between wild-type and MMP-11 À / À mammary gland weight and volume at 4, 6 and 12 weeks of age (Supplementary Figures S1D and E,  respectively) .
To investigate whether loss of MMP-11 affects postnatal development, we examined the inguinal #4 mammary gland phenotype of 3-, 4-, 6-and 12-week-old littermate mice by wholemount carmine staining ( Figure 1A ). The initial rudimental ductal trees appeared normal in MMP-11 À / À glands in 3-week-old prepubertal mice. During puberty, TEBs appear and bifurcate repeatedly to form the ductal tree to develop into a mature gland. Disruption of TEBs is often associated with delayed ductal outgrowth and impaired branching morphogenesis. 29, 30 Accordingly, at 4 weeks of age, many distal branches of the wild-type ducts were tipped with TEBs (32.6±8.35 per gland), indicating that active ductal morphogenesis was in progress. However, in the MMP-11 À / À glands, although morphogenesis process was also initiated, there were less TEBs (22.0 ± 5.1 per gland; P ¼ 0.04; Figure 1B ). Nevertheless, carmine-stained MMP-11 À / À TEBs exhibit a normal structure larger than ducts, with staining densification at their apical part as already reported 31 ( Figure 1Ab ). This MMP-11 À / À phenotype was more pronounced at 6 weeks of age, and the number of TEBs was reduced compared with wild-type (13.6±6.4 vs 39.6 ± 14.3; P ¼ 0.006; Figure 1B ). Additionally, mammary gland complexity, which represents the extent of ductal branching via TEB dichotomy and/or duct side branching, was quantified by determining the number of ductal branches intersecting a line arbitrarily drawn ahead of the lymph node and perpendicularly to the long axis of the mammary gland, as previously described. 32 At 6 weeks of age, mammary gland complexity was 13.6±1.1 for wild-type mice and 4.8±2.0 for MMP-11 À / À animals (Po0.001; Figure 1C) . Similarly, at 12 weeks of age, the ductal complexity was lower in MMP-11 À / À than in wild-type mice (9.8 ± 1.1 vs 15.0 ± 3.3; Po0.006; Figure 1C ). It has been reported that, at the end of pubertal development, the ductal tree almost reaches the border of fat pad and that only very few TEBs remain present. 25 This phenotype was observed at 12 weeks of age in the wild-type mammary glands, but the MMP-11 À / À ductal structures did not fill the entire fat pad, and more TEBs were always present (29.0 ± 12.1 vs 14.2 ± 5.3; Po0.05) ( Figures 1A and B) . Finally, older MMP-11 À / À mice (12-30-week-old) did not show more expanded ductal tree (not shown), indicating that mammary gland development is not delayed but defective.
TEBs comprise a dynamic mass of luminal body cells surrounded by a motile cap cell layer. 25, 31 The ducts are hollow, lined with a layer of luminal epithelial cells and then a layer of myoepithelial cells. 25, 31 To determine whether there are cellular organizational defects in MMP-11 À / À epithelial TEBs and ducts, we performed hematoxilin-eosin (HE) staining. Histological analysis showed that TEBs and ducts exhibited normal structure in the absence of MMP-11 ( Figures 1D and 3a) . Accordingly, immunofluorescence analysis showed E-cadherin, a marker of the cuboidal luminal epithelial cells, at the cell-cell contacts in the TEBs and ducts and a-smooth muscle actin (a-SMA), a marker of myoepithelial cells, in the myoepithelial cell layer lining the TEBs and ducts regardless of MMP-11 status ( Figure 1E ).
Thus, pubertal duct morphogenesis is impaired in MMP-11 À / À mammary glands, suggesting that MMP-11 functions in a nonredundant manner to allow the epithelium to fully expand and spread throughout the stromal microenvironment. However, the absence of MMP-11 does not affect epithelial cellular architecture, suggesting that the MMP-11 À / À phenotype is not due to an intrinsic defect of the epithelial cell compartment.
MMP-11 is required for optimal postnatal mammary gland function The mammary alveolus structures develop gradually during pregnancy and reach their mature forms by parturition. To determine whether MMP-11 affects the functional differentiation of the mammary gland, wild-type or MMP-11 À / À mice were mated for the first time at 12 weeks of age. The ductal/alveolar structures were examined during early pregnancy (day 10 after conception), late pregnancy (day 18 after conception) and lactation (day 3 post partum) by whole-mount carmine staining (Figure 2a ; data not shown). The alveoli developed in both genotypes, but their density was reduced in the absence of MMP-11. HE histological analysis (Figure 2b) showed that the lactating wild-type mammary gland was composed almost entirely of alveoli greatly distended with milk. The interlobular connective tissue was reduced. By contrast, MMP-11 À / À terminal alveolus number was reduced and their structure defective. They were not filled by milk and the milk-secreting vacuoles exhibited various sizes, whereas they were homogeneous in wild-type mice.
Mammary gland function was assessed by measuring, from 1-28 days after parturition, the body weight of pups fed by wildtype or MMP-11 À / À first-time littermate mothers (six pups/ female). All pups were alive at the end of the test. However, from days 5-18, the pups fed by the MMP-11 À / À mothers had lower body weights compared with those fed by the wild-type mothers. However, the body weight of the two sets of pups rapidly caught up after weaning (around day 20) (Figure 2c ). These results indicated that nursing was altered in the absence of MMP-11. This probably does not result from impaired milk quality, but rather from decreased milk production due to altered alveoli.
Thus, the absence of MMP-11 leads to alveolus hypotrophy and reduced mammary gland functionality.
MMP-11 has a role in the mammary gland stromal compartment The mammary stroma is mainly composed of adipocytes and collagen-rich extracellular matrix that are essential for the regulation of mammary gland development. [15] [16] [17] HE staining showed that the size of the adipocytes appeared larger (Figure 3a) , consistent with previous studies showing adipocyte hypertrophy in the MMP-11 À / À abdominal fat, and that MMP-11 is a negative regulator of adipogenesis. 4, 33 Collagen content was estimated using Masson's trichrome and sirius red staining. In both genotypes, collagen was around the ductal and TEB structures (Figures 3b and c) . However, in the MMP-11 À / À glands, the width of periductal collagen was reduced compared with the wild type (red arrows). As previously reported, 22 the peri-TEB collagen depots were less dense compared with periductal depots. No clear differences were observed between wild type and MMP-11 À / À peri-TEB collagen levels (green arrows).
Moreover, HE analysis showed similar fibroblast pattern irrespective of the MMP-11 status. They were mainly present in the periductal support tissue and represented a small population ( Figure 3a) . Accordingly, mammary gland QRT-PCR analysis did not allow the detection of the expression of vimentin, a fibroblast marker (positive control: 3T3L1 fibroblasts). Finally, careful histological analysis showed similar low number of immune cells MMP-11 favors mammary duct branching and expansion J Tan et al Figure 1 . Mammary ductal morphogenesis is impaired in MMP-11 À / À mice, although TEB and ductal epithelial architecture is not obviously altered. (A) Whole-mount carmine staining of wild-type (upper panels) and MMP-11 À / À (lower panels) mammary glands at 3, 4, 6 and 12 weeks of age; LN: lymph node; magnification: (a) Â 5; (b) Â 25. (B) TEB quantification at 4, 6 and 12 weeks of age. (C) Quantification of ductal complexity represented by the number of branches intersecting a line (blue) drawn ahead of the lymph node and perpendicular to the long axis of the mammary gland at 6 and 12 weeks of age. The ductal trees are less developed. Moreover, the gland does not reach the distal limits of the fat pad, indicating that the ductal elongation and invasive potential are weaker. Purple dotted lines delineate the fat pad limits. Five pairs of littermates were used for each condition. (D) HE staining of 6-week-old MMP-11 À / À epithelial duct showing TEB at the distal tip. MMP-11 À / À TEB exhibits a normal structure associating an outer layer of cap cells (cc) to several layers of body cells (bc). Magnification: Â 100 and Â 400. (E) Mammary gland sections from 6-week-old wild-type (upper panels) and MMP-11 À / À (lower panels) littermates were analyzed by immunofluorescence staining for a-smooth muscle actin (a-SMA) and E-cadherin as indicated. E-cadherin is a marker for luminal epithelial cells, whereas a-SMA is expressed by myoepithelial cells. Both wild-type and MMP-11 À / À mammary TEBs and ducts are lined by inner luminal epithelial cells (red) and an outer layer of myoepithelial cells (green). Cell nuclei are colored in blue using DAPI; magnification: Â 400.
in both wild-type and MMP-11 À / À mammary glands (Figure 3a ; data not shown). Accordingly, CD11b, an immune cell marker, was expressed at the same low level using QRT-PCR (wild type: 1.17±0.9; MMP-11 À / À : 1.21±0.19; NS; positive control: conventional spleen dentritic cells). Thus, the absence of MMP-11 does not obviously have an impact on fibroblasts or immune cells.
Collectively, these data show that the two main components of the mammary stroma are greatly altered by the absence of MMP-11, suggesting that these alterations might be responsible for impaired postnatal mammary morphogenesis and function.
MMP-11 mammary stroma promotes in vivo ductal morphogenesis To investigate the respective functional potential of MMP-11 À / À mammary epithelia and stroma in forming the mature ductal structure, epithelium from 3-week-old pre-pubertal MMP-11 À / À mice was transplanted into cleared fat pads of littermate wild-type mice and vice versa, as previously described 34, 35 ( Supplementary  Figures S2A and B) . Transplants were analyzed at 3, 6 and 9 weeks after transplantation for ductal outgrowth. Three and 6 weeks post transplantation, the MMP-11 À / À epithelium formed number of TEBs and ducts in the wild-type fat pads (Figure 4a) . Interestingly, at these times, the wild-type mammary epithelium was less developed in the MMP-11 À / À fat pads and showed a lower number of ducts that were also shorter in length (Figure 4b ). These differences were amplified at 9 weeks post transplantation. Thus, during puberty, the MMP-11 À / À transplants formed a normal number of ducts that invaded the entire wild-type fat pad. By contrast, the wild-type transplants formed only sparse ducts that did not invade the entire fat pad when grown in a MMP-11 À / À environment. As expected, ductal morphogenesis in the MMP-11 À / À control glands (controlateral non-operated #4 glands) were impaired at all ages studied compared with the wild-type control (controlateral non-operated #4 glands) (Supplementary Figure S2C) .
These results confirm that the MMP-11 À / À epithelia have no intrinsic functional deficiencies and support the concept that stromal MMP-11 exerts pro-branching and pro-invasive functions either directly or indirectly.
MMP-11 pro-branching function is not a direct effect To address this question, we investigated MMP-11 pro-branching function, using a three-dimensional culture system to allow the accurate in vitro modeling of the branching process. 36, 37 We isolated primary mammary epithelial organoids from the mammary glands of 14-week-old virgin wild-type mice. The organoids were cultured in matrigel three-dimensional gels. Organoids were characterized using immunofluorescence analysis (Figure 5a ). No staining was obtained using antibodies directed against vimentin and CD31, which are markers of stromal cells and endothelial cells as shown using 3T3L1 and BEND cells, respectively (Figure 5b ). These results indicated that organoids did not contain these two cell types. By contrast, antibodies directed against keratins K8/18 and K14, normally expressed by epithelial cells, gave positive staining indicating that organoids are of epithelial nature (Figures 5a and c) .
The mammary organoids were first treated for 4 days with culture media containing buffer alone (negative control), buffer with TGFa (positive control) or buffer with active or inactive forms of mouse MMP-11 recombinant protein produced in the laboratory 38 (rMMP-11a and rMMP-11i, respectively;
Supplementary Figure S3 ). Two MMP-11 concentrations were used (1 mg/ml and 10 mg/ml) and organoids were analyzed for branching morphogenesis. The medium was changed every day because MMP-11 is susceptible to autolysis. Non-treated organoids exhibited restricted branching (Figure 6a ; negative controls). As expected, TGFa allowed multicellular epithelial bud elongation out from the organoids, as previously reported 37 ( Figure 6b ). Compared with controls, the active rMMP-11a did not induce mammary organoid branching (Figures 6c and e) . Treatment with inactive rMMP-11i had no effect (Figures 6d and f) . Finally, similar results were obtained using recombinant MMP-11 at 1 mg/ml or 10 mg/ml for a longer time (7 days; Figures 6c-f) . These results indicated that MMP-11 does not directly promote ductal branching morphogenesis.
Thus, MMP-11 promotes ductal branching morphogenesis in an indirect manner presumably by inducing production/release of stroma-associated soluble factor(s) necessary to mediate its function.
DISCUSSION
In the present study, we demonstrate in vitro and in vivo that stromal MMP-11 is required for proper postnatal mammary gland morphogenesis and function. Indeed, the absence of MMP-11 leads to reduced ductal trees and alveolar density, altered alveolus organization and ultimately lower milk production.
The epithelial architecture of TEBs and ducts has an essential function in the overall mammary gland development. Thus, TEB disruption is often associated with delayed ductal outgrowth and impaired branching. 29, 30 We show that the absence of MMP-11 does not intrinsically affect the cellular organization of the mammary epithelium compartment. Initial pre-pubertal rudimental ductal trees were similar regardless of the MMP-11 status. This was further confirmed at the functional level as the MMP-11 À / À pre-pubertal mammary epithelium develops normally when implanted into wild-type cleared host mammary fat pads. These data suggest that MMP-11 is involved in epithelium morphogenesis and growth in a paracrine manner. It has been shown that epithelial-stromal interactions are essential for TEB and duct morphogenesis and the functional differentiation of the mammary gland. 19, 22, 25, [39] [40] [41] [42] [43] Strongly supporting our hypothesis, we observed that wild-type pre-pubertal epithelia transplanted into MMP-11 À / À cleared fat pads do not fully mature and show reduced ductal outgrowth and morphogenesis. Thus, local stromal MMP-11 is important for correct postnatal mammary gland development.
To further study the impact of MMP-11, we used a surrogate in vitro three-dimensional culture model using primary epithelial mammary organoids to investigate the branching process, as previously described. 36, 37, 40 Treatment with active rMMP-11a recombinant protein does not allow organoid branching, showing that MMP-11 acts in an indirect manner, presumably via stromal soluble factor(s) whose number and nature remain to be studied. In this context, mammary adipocytes have been shown to be essential for the regulation of mammary gland development.
15-17 Interestingly, we have previously shown that MMP-11 expressed by adipocytes exerts a negative effect on adipogenesis, 4, 6, 14, 33 suggesting that adipocyte-related factor(s) might be involved in the MMP-11 function during mammary gland development. In this context, we observed in vitro that wildtype adipocyte culture medium favors the occurrence of organoid protrusions (Supplementary Figure S4) . Moreover, this protrusion inducability was significantly reduced for the MMP-11 À / À adipocyte culture medium. Interestingly, treatment of MMP-11 À / À adipocytes with active rMMP-11a recombinant protein rescues their altered function for inducing mammary organoid protrusions. This protrusion process shows discrepancies with the previously reported organoid branching 36, 37 and remains to be studied in detail.
Another interesting result is that MMP-11 influences fat pad collagen homeostasis. The mammary extracellular matrix normally contains high amounts of collagen. [15] [16] [17] 22, 39, 44, 45 . We show that width of the periductal collagen layer is lower in MMP-11 À / À compared with wild-type glands. Thus, MMP-11 is associated with the presence of more collagen. To date, only collagen VI, an adipocyte-related extracellular matrix component, has been identified as a MMP-11 substrate. MMP-11 is required for correct collagen VI folding and therefore for fat tissue cohesion and adipocyte function. 46 Indeed, specific proteolysis is sometimes required for correct collagen formation/folding 47 . 48 Irrespective of the mechanism, by modulating pericellular collagen composition, MMP-11 regulates matrix stiffness and can thereby influence epithelial cell behavior, as previously reported. 34, 49 Several other MMPs are produced by mammary glands by fibroblasts only (that is, MMP-2 and MMP-3), epithelial and stromal cells (that is, MMP-14), epithelial cells only (that is, MMP-7) or predominantly by local immune cells (that is MMP-9). 22, 25 However, to date, only a few have been investigated for their participation in postnatal mammary gland development. How they work at the cellular and/or molecular levels is not well defined. 22, 50, 51 While MMP-9 has no effect, MMP-2 À / À mice, like MMP-14-overexpressing mice, show excessive branching, whereas MMP-3 À / À mice show defective branching. Thus, MMPs might exert inverse ductal branching functions. In this context, MMP-11 promotes ductal branching. Finally, MMP-11 function is not rescued by the compensatory activity of other MMPs in MMP-11 À / À mice, indicating that MMP-11 has a non-redundant role in postnatal mammary gland development.
Both TEB dichotomy and ductal side branching globally result in an increased epithelial compartment and require invasion of the epithelium through the surrounding connective fat pad separated by sparse and mature basement membranes, respectively. These processes are accompanied by intense stroma remodeling. Similar epithelial expansion and invasion, and stromal remodeling are characteristics of malignant tumors. 52 Interestingly, stromamediated MMP-11 function favors breast cancer agressiveness. 4, 6 In this context, the present data strongly implicate MMP-11 as one factor that normally has a role in mammary gland development and is harnessed to promote tumor agressiveness.
In conclusion, our data show that MMP-11 has a role in postnatal mammary gland morphogenesis and differentiation. In a paracrine manner, MMP-11 might regulate epithelial cell behavior both biochemically via inducing molecular processes and/or mechanically by modulating the degree of extracellular matrix flexibility. Deciphering the cellular and molecular mechanisms behind the stromal-epithelial cell heterotypic crosstalk/interaction is therefore of great interest because it might provide new targets for improving cancer diagnosis/prognosis and for the design of innovative therapeutic strategies.
MATERIALS AND METHODS Animals
We have previously generated MMP-11 À / À mice with 129/Svj D3 genetic background. 26 Protocols were approved by the Animal Welfare and Research Committee/AWRC at IGBMC institute, Strasbourg, France. All experiments were performed using inguinal #4 mammary glands of littermate MMP-11 À / À or wild-type females obtained by heterozygous mouse crossing. Genomic DNA extracted from mouse tails (B1-2 weeks of age) was analyzed by PCR amplification using sense primer A: 5 0 -TTC TAACATCCCTCTGGGCTC-3 0 (exon 6) or primer B: 5 0 -GCCGCTTTTCTG GATTCATCG-3 0 (neomycin gene) and antisense primer C: 5 0 -GTGGAA ACGCCAATAGTCTC-3 0 (exon 7) (wild-type (primers A þ C); MMP-11 À / À (primers B þ C)).
Total RNA RT-PCR and QRT-PCR analysis
Reverse transcription was carried out with a superScrip system (Invitrogen, Carlsbad, CA, USA) on total RNA extracted from mammary gland (TRI reagent, Invitrogen). For MMP-11 PCR, DNA primer sequences were sense primer D: 5 0 -CCGAAGGGGCATCCAGCACC-3 0 and antisense primer E: 5 0 -GCATCCACAGGGCTGGGCAG-3 0 . GAPDH was used as control: sense Slides were counterstained with nuclear fast red, dehydrated and mounted using Permount (Sigma-Aldrich, St Louis, MO, USA).
Whole-mount analysis of mammary glands Carmine-alum staining was performed as described. 19 Briefly, dissected mammary glands were spread onto glass slides, fixed with Carnoy's fixative (60% ethanol, 30% chloroform and 10% glacial acetic acid) for overnight, hydrated, stained overnight in 0.2% carmine and 0.5% AlK(SO4) 2 , dehydrated in graded solutions of ethanol, cleared in Histoclear (Shandon Inc., Pittsburgh, PA, USA) and mounted.
Histological and immunofluorescence analysis
Paraffin sections (5-mm thick) were used for HE, Masson's trichrome or Sirius red staining according to the manufacturer's instructions. Immunofluorescence experiments were performed, as previously described, 19, 30 using primary antibodies directed against E-cadherin (Zymed Laboratories Inc., San Francisco, CA, USA), anti-aSMA (Sigma-Aldrich), anti-keratin 14 (Eurogentec, Angers, France), anti-keratin 8/18 (Spring Biosciences, Pleasanton, CA, USA), anti-CD31 (BD Bioscience, Le Pont de Claix, France), anti-vimentin (Fitzgerald Industries International, Acton, MA, USA) at recommended concentrations. After washing, slides were incubated with fluorescent Alexa-488-and Cy3-conjugated secondary antibodies (Jackson Immuno Research, West Grove, PA, USA). Then DAPIMounting medium was used and sections were observed under fluorescence microscope (Invitrogen) or confocal fluorescence microscope (Leica Microsystem, Wetzlar, Germany). Image analysis was performed using ImageJ (National Institute of Health, Bethesda, MD, USA). Cleared fat pad transplantation system As previously described, 19, 53 reciprocal mammary epithelial transplantations were done between 3-week-old WT and MMP-11 À / À littermate females. Mice were anaesthetized by intraperitoneal injection of drug (xylazine/ketamine) and inguinal mammary glands were exposed through small incisions in the skin of the lower abdomen and along the right hind leg. For fat pad clearing, the connection between glands #4 and #5 was disrupted by ligation and endogenous epithelia were removed by removing the region between the nipple and the line above the lymph node. Removed glands (B2 mm 3 ) were cut into small pieces and transplanted into the cleared fat pads of recipient mice ( Supplementary  Figures S2A and B) . The left inguinal (#4) mammary glands were used as controls. Transplanted mice were killed 3, 6 and 9 weeks after the operation. At least three sets of transplantation (four WT and four MMP-11 À / À mice per set) were performed for each experimental condition and reproducible results were obtained from all of them. -11a) was not modified irrespective of the concentration used, indicating that MMP-11 has no significant direct effect on organoid branching. (d, f ) Inactive recombinant MMP-11 (rMMP11i) had no effect; original magnification: Â 10.
MMP-11 recombinant proteins
Active and inactive (Glu220Ala) MMP-11 recombinant proteins (rMMP-11a and rMMP-11i, respectively) were produced as previously described. 38, 54 Their enzymatic activities were controlled using the indirect quantitative colorimetric substrate assay with a1-PI. 55 Briefly, MMPs (50-400 ng) were incubated at 22 1C with a1-PI (final concentration 30 mg/ml 50 mM Tris (pH 7.5), 200 mM NaCl, 10 mM CaCl 2 , 0.1% Triton X-100). The a1-PI cleavage was stopped before addition of a-Chymotrypsin (a-CT; final concentration 2.4 mg/ml). Chromogenic synthetic substrate of a-CT (N-succinyl-Ala-AlaPro-Phe-p-nitroanilide) was added (final concentration 140 mg/ml). The reaction was stopped by phenylmethylsulfonyl fluoride and the optical density at 405 nm was determined (Yellow; Beckman DU640 spectrophotometer, Fullerton, CA, USA).
In vitro culture of mouse mammary epithelial organoids As described, 56 the #4 inguinal mammary glands were removed from 14-week-old virgin mice. The lymph nodes were removed. The mammary glands minced with a razor blade were incubated in a collagenase/trypsin mixture. After centrifugation (1000 r.p.m., 10 min), the pellet was resuspended in DMEM/F12 and treated with DNase (2 U/ml). The epithelial pieces were separated from the single cells through a series of differential centrifugation. The final pellet containing organoids was re-suspended in Matrigel and distributed in 96-well culture plates containing an underlay Matrigel layer (Growth Factor Reduced Matrigel, BD Biosciences, San Jose, CA, USA). After 24 h incubation at 37 1C into serum-free basal medium (DMEF/F12, 1% ITS (insulin/transferrin/selenium), 1% penicillin/ streptomycin), appropriate medium (alone or containing rMMP-11) was added and changed daily. Experiments were carried out in triplicates and three independent sets of experiments were performed for each condition. Positive control corresponds to organoids treated with human TGF alpha (9 nM) (Sigma) as previously described. 37 
Statistical analysis
Results are represented as means ± standard deviation (s.d.). Paired and two-tailed Student's t-tests or analysis of variance. A P-value o0.05 was considered statistically significant (*Po0.05; **Po0.01; ***Po0.001).
